Metastases in thyroid cancer are associated with aggressive disease and increased patient morbidity, but the factors driving metastatic progression are unclear. The precursor for nerve growth factor (proNGF) is increased in primary thyroid cancers, but its expression or significance in metastases is not known. In this study, we analysed the expression of proNGF in a retrospective cohort of thyroid cancer lymph node metastases (n = 56), linked with corresponding primary tumours, by automated immunohistochemistry and digital quantification. Potential associations of proNGF immunostaining with clinical and pathological parameters were investigated. ProNGF staining intensity (defined by the median h-score) was significantly higher in lymph node metastases (h-score 94, interquartile range (IQR) 50-147) than in corresponding primary tumours (57, IQR 42-84) (p = 0.002). There was a correlation between proNGF expression in primary tumours and corresponding metastases, where there was a 0.68 (95% CI 0 to 1.2) increase in metastatic tumour h-score for each unit increase in the primary tumour h-score. However, larger tumours (both primary and metastatic) had lower proNGF expression. In a multivariate model, proNGF expression in nodal metastases was negatively correlated with lateral neck disease and being male. In conclusion, ProNGF is expressed in locoregional metastases of thyroid cancer and is higher in lymph node metastases than in primary tumours, but is not associated with high-risk clinical features.
Introduction
Thyroid cancer is the most common endocrine malignancy, with rising incidence [1] . Differentiated thyroid cancers arise from the thyroid follicular epithelium, and develop in either papillary or follicular growth patterns. The majority of differentiated thyroid cancers are localised within the thyroid in the early stages, and have an excellent prognosis if removed prior to the development of metastases, with >95% 10-year survival [2] . However, approximately 20% of thyroid cancers have metastases at diagnosis, usually loco-regionally within the lymph nodes of the neck or, less commonly, at distant sites such as lung and bone, and represent a more aggressive subset, with increased morbidity and mortality [2, 3] . However, the size and location of metastases appears to be important in prognosis.
Microscopic deposits of cancer within the lymph nodes of the central compartment of the neck appear to have little prognostic significance, whilst larger nodal involvement, and the involvement of lymph nodes in the lateral compartment of the neck, increase the risk of local recurrence following treatment and are associated with reduced overall survival [4, 5] .
The precursor for nerve growth factor (proNGF) is a soluble protein of 246 amino acids, transcribed from the NGF gene on chromosome 1p13. ProNGF and NGF are involved in the survival, growth and differentiation of neurons in the central and peripheral nervous system [6] . Interestingly, increasing evidence reports the role of proNGF and NGF in stimulating cancer progression [7] [8] [9] [10] . In thyroid cancer, ProNGF has been shown to be overexpressed in differentiated cancers of both papillary and follicular subtypes [11] . Based on prior data, we hypothesised that proNGF would be expressed in the metastases of thyroid cancer, and that expression of proNGF would correlate with tumour aggressiveness, which could suggest a role for proNGF as a prognostic biomarker for thyroid cancer aggressiveness, or may suggest a mechanistic target for future research.
Therefore, we designed and conducted a study to characterise the expression of proNGF in clinical specimens of thyroid cancer lymph node metastases, linked with analyses of the primary tumour, and correlated with clinical and pathological characteristics. The data show that proNGF is overexpressed in nodal metastases of thyroid cancers compared to corresponding primary tumours, but we found no correlation between proNGF expression in lymph node metastases and cancer aggressiveness.
Results
ProNGF expression was analysed by immunohistochemistry and digital quantification in a total of 112 whole-slide tissue sections from patients with thyroid cancer, corresponding to 56 lymph node metastases of thyroid cancer paired with primary tumours from the same patients. ProNGF intensity is presented as an h-score (a numeric scale between 0 and 300, with higher numbers representing greater immunostaining and protein expression). Demographic and clinical information for the included samples are presented in Table 1 . 
Validation of Automated Scoring Algorithm (h-score)
Prior to proceeding with the analysis, the performance of the h-score (automated digital analysis) was confirmed by correlating with manual grading. Two operators who were blinded to the h-score independently assigned a manual score of proNGF immunhistochemical intensity of staining on a four-point scale (negative/weak/moderate/strong) on the full cohort of primary tumours (n = 56). The results are presented in Figure 1 . Overall, there was an acceptable correlation between the manually assigned scores and the automated h-scores (r 2 = 0.52, p < 0.0001). The median h-scores for the five cases manually classified as "0: negative" were 23 (interquartile range 22-24). 
ProNGF Expression in Thyroid Cancer
ProNGF expression was detected in the majority of thyroid cancers and lymph node metastases (Table 1 ). It was found that 93% of sections from the papillary subtype and 75% from the follicular subtype expressed proNGF (positive expression was classified as h-score greater than 25, see Figure 1a for justification). An example of proNGF immunostaining is presented in Figure 2 , showing a primary thyroid cancer and an adjacent lymph node metastasis, both expressing proNGF. ProNGF immunostaining was in the cytoplasm of cancer cells (Figures 2 and 3) , which is the expected location for this protein to be expressed. Minimal staining of fibroblasts and adjacent stroma was noted (Figure 3a ,f). Some specimens contained adjacent benign thyroid follicular cells, which generally had low expression of proNGF ( Figure 2b ). However, due to nonspecific uptake of DAB staining by colloid in the benign regions, the h-scores were not relaible.
The majority of primary tumours demonstrated uniform proNGF expression throughout the tumour; however, 25% showed a predominantly peripheral pattern of staining around the anatomical edge of the tumour (for example, Appendix B, Case 3). Peripheral immunostaining appeared to correlate with the biological properties of the tumour, as it was associated with the anatomical edge of the tumour rather than the cut edge of the pathology specimen, and was not caused by increased cellular density. Peripheral pattern staining did not correlate with the clinical or pathological parameters of the tumour. Considering all neoplastic tissues together (pooled analysis of primary and metastatic samples), papillary thyroid cancer had a trend towards higher expression of proNGF (Figure 4 , median h-score 70, IQR 46-108) than follicular thyroid cancer (median h-score 30, IQR 23-60, p = 0.07 for difference). Within papillary thyroid cancers, there was no difference in proNGF expression between tumours expressing a classical architecture, as compared to those with follicular-variant histology ( Table 1) . One paired case of anaplastic thyroid cancer had low proNGF expression. 
ProNGF Expression in Lymph Node Metastases Positively Correlates with Primary Tumours
Median proNGF h-scores were higher in the nodal metastases (94, IQR 50-147), compared to the matched primary specimens (57, IQR 42-84, p = 0.002) (Table 1, Figure 5a ). Quantile regression of metastatic h-scores on primary h-scores adjusted for age (≥55 years) and sex (male) confirmed this relationship, with an increase of 0.68 units in the median metastatic h-score for each unit increase in the primary score (95% CI 0 to 1.2, p-value = 0.009, Figure 5B ). This pattern continued to be observed following a sensitivity analysis removing two outliers (median metastatic h-score increased 0.58 units (95% CI 0 to 0.9, p = 0.05) for each unit increase in the primary score). Finally, of the 56 metastases, 39 (69%) had higher expression of proNGF than the primary tumour ( Figure 5c ). 
ProNGF Expression is not Associated with High Risk Clinical Features
A univariate analysis comparing proNGF expression to clinical and pathological variables was undertaken separately for primary tumours and metastases (Table 1 ). ProNGF expression in the primary tumour was inversely associated with tumour size and TNM stage (p < 0.05). In metastases, proNGF expression was inversely associated with the size of the involved lymph node, and with the location of the lymph node in the lateral neck. We then constructed an exploratory multivariate model to assess whether the characteristics of the primary tumours were associated with proNGF expression, which included covariates of age and gender (base model), and tumour size (≥4 cm), the presence of vascular invasion, the presence of extra-thyroidal extension and multifocality in the full model. The results are presented in Table 2 . In the full model, the parameter estimate for the primary tumour h-score was similar to that of the model adjusting for age and gender alone, suggesting no evidence of confounding from any of the model variables (Table 2A ). In the full model, none of the covariates were significantly associated with the h-score in the primary tumour. A separate multivariate model was fit examining lymph node metastases, and including variables of covariates for age (≥55 years), sex, metastases size (≥2 mm), location (lateral neck) and timing of detection (>6 months from primary); it identified significant effects for sex and neck site (Table 2B) . Specifically, males had lower median proNGF h-scores (−35, 95% CI −60 to −10, p-value = 0.008), and the presence of lateral neck disease was associated with a −47 (95% CI −74 to −20, p-value < 0.001) change in the median proNGF h-score.
ProNGF Expression in Primary Tumours does not Predict Metastases
To determine whether proNGF expression in primary tumours was associated with metastatic potential, we compared the h-scores of primary tumours with metastases to a cohort of primary tumours without lymph node metastases (n = 29, comprising 18 PTC and 11 FTC, with mean age 57 years, 59% female and mean tumour size 25 mm). The median h-score in primary tumours without nodal metastases was 45 (IQR 26-68), compared to 57 (42-84) in tumours with metastases (p = 0.16). Similar results were obtained when comparing the PTC subgroup alone. Using a multiple logistic regression model to examine for potential confounding, with the presence or absence of locoregional metastases as the dependent variable, and including model variables of primary tumour proNGF h-score, age, gender, tumour size, the presence of extra-thyroidal extension and the presence of vascular invasion, proNGF expression in primary tumours did not predict metastases (odds ratio 1.01, 95% CI 1.0 to 1.02, p = 0.10).
Discussion
Better knowledge of the characteristics of lymph node metastases of thyroid cancer is required to identify aggressive disease subsets that require additional treatments. Here, we report an increased expression of proNGF in thyroid cancer lymph node metastases, which correlated with expression in the primary tumour. However, we did not find that proNGF expression was able to predict the presence of these metastases, or that it correlated positively with tumour aggressiveness.
A key novel aspect of this study was the assessment of proNGF expression in lymph node deposits of thyroid cancer. ProNGF expression has never previously been reported in the metastases of any cancer, despite significant study of its biological effects in primary tumours of breast and prostate cancers [8, 12] . This study identifies that proNGF is a biological feature of lymph node metastases of thyroid cancer. More importantly, by studying paired primary tumours and metastases, we were able to show a clear correlation between the biological behaviour of proNGF expression in the primary tumour and the metastases. Interestingly, although there was strong positive correlation between proNGF expression in the primary tumour and its linked metastases, we found that the degree of proNGF expression in the metastases was inversely associated with nodes located in the lateral neck (a site of higher-risk involvement), and with male gender.
This work provides important independent corroboration of the findings of a previous study of proNGF in thyroid cancer [11] . This current work confirms the pattern that the papillary subtype of thyroid cancer has higher levels of proNGF expression, as demonstrated previously. Further, this work confirms previous findings that proNGF expression in the primary tumour does not correlate with high risk clinical features. Table 2 shows that on multivariate analysis, there was no association between clinical or pathological risk-factors and proNGF expression. The observation that proNGF expression is lower in primary tumours harbouring high-risk features (seen on univariate analysis in Table 1 ) suggests that reduced proNGF expression could be a sign of early dedifferentiation. In the nervous system, proNGF/NGF expression is generally associated with neuronal differentiation [13] , and it is plausible that in thyroid cancer, decreased expression of proNGF could similarly be associated with the dedifferentiation of cancer cells.
An important aspect of the study design was the use of whole-slide analyses of cases with a complete clinico-pathological dataset, as this provided a more complete picture of protein expression across the tumour. We found that although proNGF expression was mostly uniform across primary tumours, a subset of tumours expressed proNGF in a peripheral pattern. It is possible that expression of proNGF may be induced by factors in the tumour microenvironment, such as oxygen, or that proNGF is a component of actively growing cells preferentially located at the periphery of solid tumours; however, further functional investigation is warranted to understand the meaning of preferentially-peripheral expression of proNGF. Additional strengths of this study are the use of automated techniques for immunohistochemistry staining, and digital quantification of protein expression. Manual techniques for immunohistochemistry and biomarker quantification have inherent risks of inter-slide variability and inter-observer bias. The automated techniques used in this study were appropriately trained and validated, and hence, the comparison of differences in staining intensities between tissues, as undertaken here, was more robust.
The primary limitation of this study was the use of single modality immunohistochemistry to evaluate protein expression. However, risks of protein misidentification were minimised by using a well validated antibody against proNGF and appropriate controls. The specificity of proNGF targeting with the antibody used was confirmed against a monoclonal antibody in our previous study, as well as in Western blotting [11] . Minimal nonspecific staining was observed. An additional limitation was that this study included relatively few cases of follicular and anaplastic thyroid cancers and their metastases, and it is possible that these subgroups may exhibit different expression characteristics; as such, cautious interpretation is required. However, the large number of paired papillary thyroid cancer metastases included in this study allows for a robust interpretation of this cohort.
On a broader perspective, proNGF may be of interest as a therapeutic target. In breast cancer, proNGF has been shown to stimulate cancer cell growth and dissemination [12, 14] , and in prostate cancer, proNGF expression is a driver of nerve infiltration in the tumour microenvironment [15] that is essential to tumour growth and dissemination [16] . The association between the presence of nerves, neurotrophic growth factor expression and cancer progression is an evolving field, with increasing recognition of the key role of nerve-derived factors in tumour progression [17] . Nerve-signalling has long been recognised as integral for tissue regeneration after injury, and it is hypothesised that similar mechanisms may promote neoplastic progression [17] . For example, denervation has been shown to reduce the incidence of gastric carcinoma [18] and basal cell carcinomas of the skin [19] . In animal models of prostate cancer, tumour progression in animal models is strongly inhibited after denervation [16, 20] . Whether proNGF also contributes to thyroid cancer and the development of metastases should be experimentally explored both in vitro and in vivo.
In conclusion, this study demonstrates proNGF expression in lymph node metastases of thyroid cancer which correlates with expression in the primary tumour, suggesting an underling biological link which warrants further investigation.
Materials and Methods

Patients and Samples
The Hunter New England Local Health District Human Research Ethics Committee prospectively approved this study, which included a waiver of consent for access to archival material (approval number HNE HREC 16/04/20/5.13, approved April 2016). Electronic records were searched to find lymph node metastases of thyroid cancer specimens during 2007-2017, where the original primary tumour was also available (n = 56). Clinical parameters were extracted from the medical record, and an independent pathologist reviewed all histological samples to confirm the diagnosis.
Immunohistochemistry
Sections (4 microns) were prepared from archival, formalin-fixed, paraffin-embedded tissue blocks immediately prior to staining. Immunohistochemistry was performed using the Ventana Discovery automated slide stainer (Roche Medical Systems, Tucson, AZ, USA). The primary antibody was an anti-rabbit polycloncal proNGF antibody (Ab9040, Merck Millipore, Darmstadt, Germany), which has been previously validated in our laboratory [11] and was reoptimised for automated tissue processing at a dilution of 1/350. Antigen-retrieval was performed using Ribo-CC solution, (pH 6, Ventana, Roche, North Ryde, NSW, Australia), with primary antibody incubation for 32 min, secondary anti-rabbit HQ for 16 min at 37 • C (Ventana, Roche, North Ryde, NSW, Australia) and tertiary anti-HQ (Ventana, Roche, North Ryde, NSW, Australia) for 16 min at 37 • C. Manual counterstaining was performed using Mayer's haematoxylin for 10 s and Scott's Tap Water for 30 s, followed by dehydration, clearing and mounting. Negative controls were prepared using nonspecific IgG isotype controls, and without the addition of primary antibody (Appendix A).
Digital Quantification
To quantify biomarker expression, whole slides were digitised at 20x magnification using an Aperio AT2 scanner (Leica Biosystems, Victoria, Australia). Two operators (CR and TD) manually graded a training image library of 20 cancers to obtain consensus. QuPath whole-slide digital image analysis software (Queens University, Belfast, UK) [21] was then optimised to quantify maximum cytoplasmic DAB staining. Initially, a cell detection algorithm was optimised to detect nuclear and cytoplasmic regions of malignant cells. DAB threshold values were then determined from histogram analyses of the training library. Finally, the training library was used to build a cell detection classifier (to exclude fibroblasts, lymphocytes, erythrocytes and colloid) and optimise DAB thresholds to replicate the scoring in the training library. The classifier was then locked and batch-run on all slides. To minimise false positive cell detection and optimise processing time, tumour regions were manually defined. Areas of haemorrhage, dense stroma without malignant cells, dense lymphocytic infiltrate and folding artefacts were excluded. The intensity of DAB staining was quantified using a triple-threshold h-score for each tumour (calculated as the sum of 3× percentage of pixels with strong staining; 2× percentage of pixels with moderate staining and 1× percentage of pixels with weak staining). Examples of image analyses are shown in Appendix B. The quantification of intra-tumoural biomarker distribution in a peripheral or uniform pattern was performed by separately calculating h-score for the outer 1/3 and inner 1/3 of tumour. A peripheral > central pattern was defined as a peripheral: central h-score ratio >1, with an absolute difference in h-score >20 points. Uniformly positive was defined as total tumour h-score > 25 that did not meet the criteria for peripheral > central. Uniformly negative was defined as total tumour h-score ≤ 25, irrespective of the peripheral: central ratio.
Statistical Analysis
A prior study showed that thyroid proNGF immunohistochemistry quantification by h-score was normally distributed with a standard deviation of 21 units [11] . To demonstrate a mean h-score difference of 25 units between groups, a minimum of 25 cases per group were required, with a power of 0.8 and two-sided alpha of 0.05.
We dichotomised age and tumour size based on thresholds in the 8th edition of the American Joint Cancer Committee TNM Staging System and tumour/node size, extra-thyroidal extension, node number and site on the 2015 American Thyroid Association guidelines [3] . We provide strata-level medians and interquartile ranges for h-scores across strata levels, compared using the Mann-Whitney test.
We modelled the association between h-scores and tumour types using linear quantile mixed models that include clinico-pathological covariates and account for within subject clustering. Using the paired tissue sections, we explored the association between the metastatic and primary tumour h-scores along with markers of aggressiveness using quantile regression. In instances where potentially influential points were identified, we excluded these observations and repeated the analyses to assess the sensitivity of parameter estimates. We provide point estimates, 95% confidence intervals and p-values for each of the model terms. All reference to significance assumes a 0.05 type-I error rate. All analyses were performed using Stata (version 14.1, Statacorp, Texas USA). 
